Considering the ever-increasing population and trends in industrialization, it is difficult to detect the toxins produced in food products using traditional techniques. In this study, a potentiometric nanobiosensor technique using selective patterns for Staphylococcus aureus exotoxin was thoroughly considered. A molecular framework and polymer were produced using methacrylic acid (MAA) monomers, which formed covalent bonds between MAA monomers to produce a white polymer. In addition, hydrogen bonds formed between the amino acids of the exotoxin and the MAA functional groups, which functioned as selective sites for the polymer. To evaluate the effect of pH on the S. aureus exotoxin nanobiosensor, diluted solutions of NaOH and HNO 3 were applied for the upper and lower pH levels, respectively. The effect of temperature was tested using distilled water at fixed temperatures. The results showed that the molecular framework polymer (MFP) in the designed biosensor was able to detect an exotoxin density up to 10 -3 M at 68 nm of synthesized molecularly imprinted polymer (MIP) during the first 32 days of the experiment (from a total of 56 days). The potential differences remained constants at an optimum pH range of 5.0-8.5 and at an optimum temperature range of 15°C-25°C. Therefore, we concluded that the pH and temperature can affect the precision of a potentiometric nanobiosensor for detecting S. aureus exotoxin.
Introduction
Microbial diagnostic tests in food-quality control often take time to allow the bacteria, such as Salmonella, to grow for preliminary results. Although there have been many achievements in food manufacture, the hazard analysis and critical control point (HACCP) tests for approving products are time-consuming, which can result in a limited shelf life of the product. Since products of the food industry, such as milk and meat, differ fundamentally from cereals, oil, and canned food, qualitycontrol diagnostic systems in the repayment period are important for producers. [1] Currently, customers require low-processed foods that are free from pathogens, additives, and stabilizers, but still have an extended shelf life. While the most important factor for the food industry is food safety, this concern has been resolved, to a certain extent, through the application of biosensors. [2] The convergence of nanotechnology, in accordance with its many capabilities, and food science has led to more than 200 large worldwide companies investing in new products in the field of nanotechnology. Based on the tremendous potential for nanotechnology applications in the food industry, it is expected that this technology will initiate a major revolution in food and agricultural products that will have positive implications for the worldwide expansion of mechanized agriculture. [3] Quick and sensitive devices have been developed for the detection of foodborne pathogenic bacteria, such as Escherichia coli O157:H7, Staphylococcus aureus, and Salmonella typhimurium. For example, foodborne pathogens have been detected using the systematic evolution of ligands by exponential enrichment (SELEX) procedures with RNA aptamers as nanobiosensors [4, 5] and a sensitive colorimetric method using conjugated gold nanoparticles with E. coli O157:H7 antibodies.- [6] In another study, surface plasmon resonance (SPR) was used to effectively purify and concentrate staphylococcal enterotoxin B (SEB) from serum and stool samples, and ultimately amplified the signals. [7] The SPR technique was also applied to detect various analytes, including protein toxins, bacteria, viruses, spores from a variety of pathogens, Pseudomonas aeruginosa exotoxin A, Bacillus globigii, Mycoplasma hyopneumoniae, Listeria monocytogenes, and E. coli. [8] Molecularly imprinted polymers (MIPs) constitute a key method of constructing biosensors to detect microorganisms in food. However, this method is used more in food chemistry for enzyme tracking and analyzing sensory characteristics, and is used less frequently in microbial diagnosis. [9] This article focuses on the diagnosis of an exotoxin emitted by S. aureus, one of the most frequent causes of food poisoning, using potentiometric and spectroscopic methods and customized nanoparticles. Nanotechnology can be applied in sensors that have been designed to diagnose particularly sensitive and accurate values of toxins excreted by S. aureus. [10] Materials and methods
Sensor simulation
For this study, a potentiometric sensor based on an MIP was developed to produce physically and chemically resistant and selective patterns for a staphylococcal exotoxin. First, a solution of bacteria for testing the sensor was prepared from pure exotoxin solution (Sigma-Aldrich). The solution was diluted with double-distilled water to produce a concentration of 1 × 10 -5 mol/L under standard temperature conditions (25°C). The solutions were prepared each day at different dilution levels corresponding to a tenth order of magnitude. [11] In the MIP method, various ratios of methacrylic acid (MAA) were used as functional monomers. The monomer to toxin ratios were 2:1, 4:1, 6:1, 8:1, 10:1, and 12:1; ultimately, the optimum ratio for producing the best imprinting pattern was 10:1. To produce a suitable polymer pattern around the exotoxin and to ensure better distribution, more aprotic solvent was used to dilute the template. [12] Compared with the bulk method, the sedimentation-polymerization method used a higher volume of solvent, thereby creating a nucleus regeneration opportunity, which led to the production of nanoparticles. In this method, 38 mL of acetonitrile solvent was used, which was gently stirred with 11.32 mL of transverse binding agent and ethylene glycol dimethacrylate. In addition, 10 mg of azobisisobutyronitrile was used to initiate the polymerization reaction. Soon after adding the initiator, ultraviolet irradiation was used to accelerate the polymerization reaction by forming free radicals, which was followed by the onset of polymerization. [13] Once the reaction was completed, covalent bonds formed between the MAA monomers, which resulted in a mass of white polymers being formed. Hydrogen bonds formed between the amino acid groups in the exotoxin and the MAA functional groups, which constituted its selective absorption factor. The polymer pattern formed around the exotoxin molecules and made hydrogen bonds with amino acid units present in the exotoxin structure.
To remove the exotoxin molecules, a diluted acetic acid solution was applied. The remaining polymer pattern was used as potentiometric sensors in the next stage of the experiment. [3, 12] A 1:10 ratio of methanol to acetic acid (as an alcohol-acid solution) was used to extract the exotoxin molecules from the polymer pattern. The mechanism of interaction resulted in the elimination of the hydrogen bonds between the amino acids and the MAA monomer units in the polymer. [14] The production of the polymer nanoparticles and the morphology and size of these particles were determined using scanning electron microscopy (SEM). The first polymer particles of the MIP and the non-imprinted polymer (NIP) were prepared by producing a suspension in acetonitrile solvent in Teflon test tubes. Exactly 3.0 mL of this solution was placed on a base to evaporate, and it was then transferred to an argon sputter coater to stabilize the gold coating onto the samples on the base. After 10 min, the samples coated with gold were transferred for imaging by SEM at 10 3 × magnification. These images are illustrated in the results section. [2, 14] 
Construction of membrane with MIP modifier
Both graphite and gold were applied to construct the body of the microelectrode. However, because of the price of gold, a graphite microelectrode was used in this study. A graphite microwire was confined in a glass capillary tube sheath. The tube was cut vertically to reveal a small cross-section; a thin-layer membrane was then attached to the surface. [15, 16] Preparation of a thin polymer membrane for the cross-section of the electrode First, 50 mg of polyvinyl chloride (PVC) powder, 50 mg of ionophore, and a specific amount of kaolinite-type pyrite cinder (KTPC) from the Iberian pyrite belt (IPB) were mixed with 75 mg of plasticizer. The resulting mixture was then dissolved in 5 mL of tetrahydrofuran in a 25-mm-thick glass beaker. Under laboratory conditions, the mixture was left for 20 min to evaporate, which resulted in a homogeneous, dense oily solution. Indirect heat was also applied to accelerate this process without boiling the solution. [17] To produce a thin polymer membrane on the surface of the electrode, the tip of the electrode crosssection was dipped into the dense oily solution. The thin membrane layer that formed on the tip of the electrode was left at room temperature in the laboratory for 24 h to dry. It was then placed in 10 -3 mol of S. aureus exotoxin solution for 48 h so that the exotoxin could connect to the previously designed position. The membrane layer was then analyzed using the potentiometric method and the Nernst slope. [18] This method is based on an electrochemical mechanism in which nanoparticles of the MIP are used as a modifier to improve the electrochemical properties of the PVC membrane in order to detect the associated bacterial toxin. To identify the potential difference due to the presence or non-presence of the bacterial exotoxin, a pH/mV meter (Mettler Toledo, Switzerland) was used to measure the designed ionselective electrode potential. This device contains an Ag/AgCl, a 0.222 V reference electrode saturated with 3 mol/L of potassium chloride; note that 0.222 V is a function of the potassium chloride concentration in the electrode. The potential difference between the Ag/AgCl electrode and the PVC electrode indicates the sensor's response to the presence or non-presence of the bacterial exotoxin. [19, 20] 
Sensitivity analysis
According to the Sigma-Aldrich application notes regarding S. aureus exotoxin type A, each microliter of stock solution contains 2 mg of exotoxin, which means that a 200-µl commercial vial should contain 400 mg of exotoxin. According to the commercial test note, the exotoxin had a molar mass of 202 mg/ mmol, which means there were 2 mmol in the previously measured vial. According to the definition of molarity (mol/L or mmol/mL), to prepare 1 M of exotoxin, 2 mmol of solution was dissolved in 1 mL. The minimum concentration detectable by the sensor was 1 M of exotoxin. [21, 22] To produce a 0.1 dilution of exotoxin, 1 mg of 1 M exotoxin was dissolved in 9 mL of doubledistilled water. Following this process, 1 mL of the 0.1 exotoxin dilution was added to 9 mL of double-distilled water to produce a 0.01 toxin dilution. This process was repeated until an exotoxin dilution of 1 × 10 -6 was obtained. To prepare these dilutions, an enzyme-linked immunosorbent assay (ELISA) plate was used to facilitate the use of the sensor and to insert the electrode into the chamber.
The potential of each dilution was measured and recorded using the potentiometer. According to the definition, the Nernst relationship applies when the potential difference between two dilutions is 59 mV, and the electrode reading will be acceptable and becomes higher in the next dilution. If the potential difference between one dilution and the next was 59 mV/decade, then the standard Nernst slope applied, which indicated that the sensor registered the presence of exotoxin in that dilution. However, if the potential difference between two successive dilutions was less than 59 mV, then the sensor was not sensitive enough to detect the presence of exotoxin. [16] Reliability and lifetime of the sensor In this study, the sensor lifetime was determined by how long each MIP sensor could maintain its diagnostic properties. In addition, the sensors were also evaluated for their ability to detect the exotoxin within a given period. Investigations were carried out every 4 days up until 52 days, as well as 60 days after designing the sensor; the results were plotted by recording the signals. [21] The effects of pH and temperature
To evaluate the effect of pH on the stability of the nanobiosensor, the pH dependence of the electrode potential was tested using distilled water diluted with an appropriate amount of HNO 3 or NaOH solutions to adjust the pH range from 2.0 to 12.0 for a concentration of 10 3 CFU/mL of S. aureus exotoxin at 25°C (Table 1 ). Due to the effect of temperature on the nanobiosensor response based on the Nernst equation, the effect of this parameter was measured in the temperature range of 2°C-35°C. The temperature of the solution was adjusted by incubating the exotoxin solutions in an incubator. 
Particle-size analyzer
The size and distribution of the formed particles were evaluated with a particle-size analyzer. The nanoparticles were dispersed in and calibrated with deionized water; 2 mL of the solution containing nanoparticles was then added to the set, and the results were reported based on the average volume and diameter of the nanoparticles: 10% of the nanoparticles had 0.1 diameter, 50% of the nanoparticles had 0.5 diameter, and 90% of the nanoparticles had a 0.9 diameter. The diameter of the nanoparticles in 10 samples was examined using a light microscope (Leica, DHLB) and analyzed with Leica QWin 550 software. [19, 22] 
Results

Sensitivity of the MIP sensor
As shown in Table 1 , between the 10 -2 and 10 -3 dilutions, a difference of 59 mV was evident. However, thereafter, the difference in potential voltages was not 59 mV, which indicated that the sensor was unable to distinguish between one dilution and the more-diluted solutions. Thus, 10 -3 was the minimum dilution in which the nanobiosensors could detect the exotoxin in distilled water.
The effects of pH and temperature Fig. 1 shows that the potential differences remain constant at a pH of 5.0-8.5. The sharp change in the potentials at higher pH values may be attributed to the deprotonation of free carboxyl groups of molecularly imprinted polymers. This change in potential in lower pH values is related to protonation of the amine groups of exotoxin. There are some interferences in charge-transport process of the sensor due to higher concentration of H 3 O+ ions in lower pHs. Fig. 2 shows that the potential differences remain constant in a temperature range of 15°C-25°C. The sharp change in the potentials at higher temperatures may be attributed to the dissolution of the exotoxin in contact with the sensor, while at lower temperatures; there are fewer diffusion and interactionswith the sensor, which cause deviations in the response.
SEM and particle size analysis (PSA)
The morphologies of the MIP particles, the non-MIP surface, and the cross-section were investigated using a SEM. For the surface and cross-section, an acceleration voltage of 15 kV and a magnification of 1.00k× were observed. As shown in Fig. 3 , the average size of the MIP particles was between 48 nm and 97 nm. 
Reliability, stability, and lifetime
The analysis of the sensitivity of the sensor over time showed that the sensor (with a higher percentage of MAA monomers) responded positively in detecting toxins until day 32, after which the response gradually declined.
Minimum detectable level
The potential response of the nanobiosensor to the S. aureus exotoxin is depicted in Table 1 . It can be seen that the nanobiosensor exhibited a wide working concentration range: from 10 2 to 10 5 dilutions. The main problem with conventional symmetric ion-selective liquid-membrane electrodes is that the internal solution leaks onto the outer surface of the membrane, causing changes in the surface potential and variations in the potentials. Therefore, there is an inherent detection limit for this type of sensor. However, the proposed nanobiosensor could be employed for the direct determination of S. aureus exotoxin without any interference. 
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Discussion
There is an apparent lack of research in the field of bacterial-toxin detection using nanobiosensors. Therefore, it was not possible to find any relevant records, particularly for toxin detection. Primary foodborne toxin-detection methods need to extract the toxin, which can be extremely time-consuming; however, the use of sensitive biosensors can save diagnostic time. In the military and under controlled conditions, this diagnostic method is more strategic than the others. With respect to systems that use HACCP, in addition to quality-control tests, raw materials must also be analyzed and examined because the food chain is both system-dependent and complementary. In recent decades, conventional methods have been used to detect bacterial exotoxins using polymerase chain reactions (PCR) and ELISA. [23, 24] Currently, the use of sensitive and rapid detection techniques for foodborne pathogens is important to ensure the safety of food products since many foodborne pathogens occur at low concentrations. However, many methods are limited by time and sensitivity of detection; for instance, studies found that the minimum time and sensitivity for PCR to detect foodborne pathogens were 2-8 h and 10 CFU/mL, respectively. [24, 25] In this study, the minimum time and sensitivity to detect S. aureus exotoxin were 1 h and 10 -3 M, respectively. In a recent study, Zhang et al. determined that the limited detectable level for genespecific determination was 1.56 nM. [26] In many cases, bacterial exotoxins disappear due to competition with other microorganisms; exotoxins are also affected by different environmental conditions, such as temperature and acidity. Thus, biosensors that the ability to detect exotoxins can greatly assist researchers and specialists in food-quality control and HACCP tests. [1] Thus, because of their rapid reaction and precision, applying nanobiosensors has more potential than conventional detection methods.
In this study, the optimum pH range at which the potentials remained significantly constant was 5.0-8.5. Conversely, the optimum temperature range was between 15°C and 25°C. Generally, 84.3% of the distilled water samples tainted with S. aureus toxin type A were diagnosed with the MIP sensor. Sensor potentiometer production of polymer-based molecular imprints is affordable. Once the sensor has been manufactured, tests can be conducted using a simple potentiometer.
Nguyen et al. proved that their nanobiosensor was able to sense the West Nile virus protein domain III at pH 7. [27] These results were similar to the results in the current study, which showed that the nanobiosensor worked best in the pH range of 5-8.5, with a mean of 7. A connection can also be made between time detection and nanoparticle size. Tang et al. confirmed that bacterial detection speed increased as the nanoparticle size decreased. [28] This result also showed that a decrease in nanoparticle size close to zero could affect the lifetime of the nanobiosensor. In a recent study (Zhang, in press), the limited detectable level for gene-specific determination (LOD) was 1.56 nM; however, in the current study, 10 -3 M was required for the nanobiosensor to recognize S. aureus. [26] It can, therefore, be concluded that the production of nanobiosensors based on MIP binding to the antigen necessitates technical knowledge and expert targeting for antigen binding. This study showed that a nanobiosensor decreased the time for toxin-detection analysis and heightened the sensitivity for toxin detection. However, one limitation of this method is the ability to produce the appropriate MIP that does not limit the sensitivity of the detection system. Here, the diagnosis factor with regard to the sensitivity of the sensor is the antigen concentration rather than the exotoxin concentration.
